This paper is aimed at examining the applicability of methods for resilience, reliability and risk analyses of rain-fed agricultural systems from modeled continuous soil moisture availability in rain-fed crop lands. The methodology involves integration of soil and climatic data in a simple soil moisture accounting model to assess soil moisture availability, and a risk used as indicator of sustainability of rain-fed agricultural systems. It is also attempted to demonstrate the role of soil moisture modeling in risk analysis and agricultural water management in a semiarid region in Limpopo Basin where rain-fed agriculture is practiced. For this purpose, a daily -time step soil moisture accounting model is employed to simulate daily soil moisture, evaporation, surface runoff, and deep percolation using 40 years (1961-2000) of agro-climatic data, and cropping cycle data of maize, sorghum and sunflower. Using a sustainability criterion on crop water requirement and soil moisture availability, we determined resilience, risk and reliability as a quantitative measure of sustainability of rain-fed agriculture of these three crops. These soil moisture simulations and the sustainability criteria revealed further confirmation of the relative sensitivity to drought of these crops. Generally it is found that the risk of failure is relatively low for sorghum and relatively high for maize and sunflower in the two sites with some differences of severity of failure owing to the slightly different agro-climatic settings.
INTRODUCTION
Rainfall is the main source of water for raising crops in Africa despite the greatest problem of tremendous variability in rainfall from year to year and season to season. Rain-fed agriculture based to a large extent on small-holder, subsistence agriculture is a source of livelihood of the majority of the population in sub-Saharan Africa. An estimated 38% of the population in sub-aharan Africa (roughly 260 million people) lives in droughtprone drylands [1] . Sustainability of rain-fed agriculture is a challenge for most agricultural areas for production of food for their communities. One of such areas in Botswana where rain fed agriculture, mainly maize, sorghum and sunflower is practiced are Palapye and Bobonong districts in SE Botswana, which are considered in this manuscript as case study sites.
In such arid and semi arid regions, understanding the degree of sustainability of rain-fed agriculture is an important research area for agricultural planning, management and decision making. Soil moisture modeling plays a major role in the study of availability of soil moisture to crops. This study is devoted to studying the agricultural sustainability of growing maize, sorghum and sunflower in north-eastern Botswana by employing a sustainability criteria based on crop water requirement and soil moisture availability during the cropping periods of these crops. The criteria used were based on indices of risk, reliability and resilience to develop a quantitative measure of sustainability.
In agricultural water management, the most important decision criteria is to determine the level of soil moisture and its reliability to sustain crop growth without excessively depleting the available soil moisture storage. Agricultural water management includes water harvesting that involves all methods for concentrating, storing, and collecting surface runoff water in different media for agricultural uses. A common straight-forward definition of water harvesting is collection of runoff for productive use [2] . Runoff can be collected from roofs or ground surfaces (rainwater harvesting) as well as from seasonal streams (flood water harvesting) [3] .
In order to study the soil-crop-atmosphere water and energy balances, the soil-vegetation-atmospheric transfer (SVAT) models are commonly employed whose main concept is useful to identify the different hydrological processes that account for runoff production, soil moisture and crop water requirement. The core element of SVAT schemes is the soil hydrology scheme [4] , which is used to determine the partitioning of rainfall into infiltration, runoff, drainage, and storage within the soil. Large scale soil moisture data are available from soil-water retention parameters, hydrological model and remote sensing data at the southern African scale [5] as well as from remote sensing (ERS scatterometer) and soil data at a global scale [6] . The use of such data has shortcomings in its spatial and temporal scale to study and understand the soil-plant relations at localized scale such as the Palapye and Bobonong agricultural districts considered in this study.
The soil and water assessment tool (SWAT) remains a typical tool used for agricultural land and water modeling applications. SWAT is a physically based, continuous model that simulates the impact of land management activities on water, sediment, pesticide, and nutrient yields. However, SWAT was initially developed for the comprehensive modeling of the impacts of management practices on water yield, sediment yield, crop growth, and agricultural chemical yields in large complex watersheds [7] . Although SWAT is generally applied to large river basins, many studies have used it to simulate annual water and sediment yield at both the river basin and small watershed scale [8, 9] . SWAT is a semi-distributed model partitioned into a number of subwatersheds or subbasins. Runoff is predicted separately for each hydrologic response unit (HRU) using the curve number (CN) method or the Green-Ampt method, and routed to obtain the total runoff at the outlet of watershed [10] .
Plant response to sub-optimal levels of soil moisture has been a subject of research conducted for several decades. Plant physiological responses to water stress and the underlying mechanisms are available in [11, 12] . Specific studies were conducted to assess, on a more practical level, the response of single crops to various water stress levels, for example in sorghum [13] . The Food and Agricultural Organization (FAO) of the United Nations has compiled the experience, practices, and guidelines on crop water requirement and crop evapotranspiration [14] [15] [16] .
The DSSAT (Decision Support System for Agrotechnology Transfer) model is widely used and particularly well suited for simulating agricultural practices [17] . Other models have been developed with various degree of complexity for understanding water balance and soil climate estimates, a typical approach from recent example being the SoilClim model [18] . A deterministic simplified continuous simulation model for investigating long-term soil moisture fluctuations provided in [19] also made evaluation of detailed modeling approaches in soil moisture modeling.
The objective of the manuscript are: 1) to report on the application of a model for simulation of daily soil moisture using a soil moisture accounting crop-specific (SMACS) model, for growing of maize, sorghum and sunflower under rain-fed conditions in the two agricultural districts in Botswana by considering rooting depth, soil moisture characteristics, cropping period, and crop cycle coefficients data based on [14] , and other local hydro climatic data; 2) to undertake a thorough assessment of soil-water-plant relationships and determine the proportion of available moisture content to sustain crop growth during the entire crop cycle of each crop from daily simulation at daily time steps for the period 1961-2000; and 3) to assess and report on the relative degree of sustainability of these crops under rain-fed conditions using quantitative measures of resilience, reliability and risk, and demonstrate their use as quantitative agricultural drought indicators.
MATERIALS AND METHODS

The Soil Moisture Accounting Crop-Specific (SMACS) Model
A spreadsheet program called Soil Moisture Accounting Crop-Specific (SMACS) model is applied in this study in order to determine soil moisture variation and to assess the extent of soil moisture available to plants through the simulation of daily soil moisture. An earlier version of the model is found in [20] in which the approach followed is similar to the daily soil moisture accounting model of [21] , which is commonly known as Simulator for Water Resources in Rural Basins (SWRRB) -a version of the SWAT model [8] -but with some modifications to few components in order to align with nature of data available to this study.
The basis of the SMACS model is the accounting of the daily moisture with the major terrestrial and atmospheric inputs of rainfall and potential evapotranspiration, along with the soil water retention properties and crop development factors. The model simulates the soil moisture of the farming areas of the Palapye and Bobonong agricultural districts area, in the Limpopo basin. A description of the SMACS model and its components is outlined as follows.
In the SMACS model [20] , the soil moisture is modelled based on the continuity equation given by:
This can be reduced to a simple water balance equation as:
In which on a daily time scale, at day t, S(t) is the soil moisture content (mm), (t) is the amount of precipitation (mm/d), Q(t) is the amount of generated surface runoff (mm/d), ET a (t) is the actual evapotranspiration (mm/d), and P r (t) is the percolation (mm/d) beyond the root zone.
Surface runoff is estimated using modification of the USDA Soil Conservation Service (SCS) Curve Number (CN) technique [22] . The CN is adjusted based on antecedent soil moisture conditions where the prevailing soil and land use is used to select a base CN. The reference evapotranspiration (ET o ) was determined using the modified Penman-Monteith formula [15] .
During a growing season the daily actual evapotranspiration, ET a = ET o *K c *K s where K s the soil coefficient [14] , and K c is the crop coefficient at different growing stages of the crops considered in the study, estimated from the length of the growing period (LGP), as described in [11, 14] . Percolation is estimated as that amount of water available when soil moisture of a given day in excess of the field capacity, and that satisfies the mass-balance equation, Eq.2.
Crop type, soil characteristics, rainfall, and climate are integrated in the soil water balance model to simulate a soil moisture regime assuming a particular crop at a time. For a crop under consideration, the mass-balance equation, Eq.2 was solved for the entire daily rainfall and temperature record period of 1961-2000. The analysis starts just before the beginning of the rain season so that the initial soil moisture can reasonably be assumed to be at wilting point (WP). During the cropping season of each crop the model further assumes a linear variation between the ratios of actual to reference crop evapotranspiration and simulated soil moisture when the later ranges between wilting point and field capacity.
Plant Water Use and Risk Assessment
The crop water requirements of the selected crops for known soil-water retention and crop characteristics must be determined. The purpose of the assessment of soilwater-plant relationships is primarily to estimate the mean frequency of water application or irrigation. This will in turn determines the level of soil moisture availability to cause stress to the crops. If analysis is based only on dry-spell analysis of rainfall, it determines the dry-spell duration longer than which will cause damage to crop yield.
The crop water requirements is the consumptive use of water by plants (E CROP ), which is the same as the actual evapotranspiration, ET a described in Eq.2 during the cropping season of each crop. The daily E CROP is determined using SMACS model [20] in which the crop reference evapotranspiration is an input along with daily rainfall, soil-water retention parameters, and crop growth factors.
The frequency of crop water application (I), whether it is through irrigation or rainwater, is estimated using the formula in [16] :
In which p is the fraction of total available soil water which can be used by the crop without affecting its transpiration and/or growth; S a is total available soil water or moisture (S FC − S WP ) in mm/m; S FC is available soil water or moisture at field capacity in mm/m; S WP is the available soil water or moisture at permanent wilting point in mm/m; and D is the depth of root zone of the crop (mm).
Not all the water that is held in the root zone between S WP and S FC is available to the crop. The depth of water (d) that is readily available to the crop is pS a and it is related to the depth of application or the water applied in the form of naturally available rainfall by the following equation:
where f a is the water application efficiency (fraction). The value of fa translates to a measure of the degree of effectiveness of the available water reaching the root zone. The value of pS a will vary with the level of evaporative demand. Since the evaporative demand varies with the growing stages of crops, pS a will be different with different growing stages of a given crop, which is considered in the evaluation of different crops.
There is clear evidence showing that soil fertility constraints often constitute the primary limiting factor to crop growth also in drylands [23] . The current approach relies on the availability of soil moisture, which is an integrating variable for the underlying hydroclimatic and agronomic factors of rain-fed agricultural areas. The risk level for sustenance of rain-fed systems can be determined as a probability at which soil moisture (S) drops below a given moisture threshold (S WP + d t ) during the crop's LGP. The risk factor for the entire growing period (simulation period) of crops under rain-fed conditions can be calculated as defined as:
where n is the number of days in which actual soil moisture S, drops below the critical soil moisture threshold (S WP + d t ) during the total number of days (T) of the entire cropping period. In a period of years of analysis considered, T in days becomes the product of the number of the simulated years and the length of the growing period (LGP) in days.
The risk factor here is the same as the probability of failure which refers to the proportion of days to the total number of days or the length of the growing period (LGP), within which the simulated soil moisture drops below the amount which is set at p times the readily available soil moisture content (S FC − S WP ) as stated in Eq.4. If other agricultural conditions such as land management and nutrient availability are not altered, then this risk factor integrates the prevailing hydroclimatology, soil moisture availability and crop-soil-water conditions, to assess sustainability of various crops under rain-fed conditions.
For assessment of soil moisture reliability and sustainability of rain-fed systems, we recommend a set of indices that are used as quantitative measures of agricultural drought. The indices measure reliability, risk of failure and resilience for classifying and assessing the sustainability of rain-fed agricultural systems. Reliability is a measure of frequency or probability that a system is in a satisfactory state meeting a given criterion. Resiliency generally indicates a measure of how quickly a system recovers from failure once failure has occurred. The computational scheme for these indices in this study is almost similar to that of [24] [25] [26] , specifically tailored for indexing agricultural drought, analyzing risks and sustainability of rain-fed systems.
Defining a criterion (C) as the minimum required soil moisture from a rain-fed agricultural system, the daily soil moisture depth (d t ) can be classified as a satisfactory state (A) or a failure state (B), i.e., then and 1 else and 0
where Z t is a generic indicator variable. The daily available moisture content shown in Eq.4 was used as a criterion and, thus, system failure occurs when soil moisture is below the criterion at any given day. Another indicator, W t which represents a transition from A to B, is defined as: 1 
1, if and 0, otherwise
The reliability, risk and resilience during the total time period (T) which is the sum of Length of Growing Period in a simulation period which can be defined as:
Literally value of risk calculated by Eq.5 can also be calculated as:
In engineering, these indices were previously used to evaluate reservoir operations [24, 27] and water distribution systems [28] managing water quality of a river [25] as well as assessing climate change impacts on water resource systems [26] . This study examined the percentage changes in these indices computed for 10 year segments of the 40 years of analysis. These indices can suggest the degree of sustainability of rain-fed agricultural systems to support dry-land agriculture.
The Study Area and Data Used
In order to test the applicability of these indices in terms of characterizing sustainability of rain-fed agricultural practices, we considered Serowe and Bobonong agricultural districts in North-Eastern Botswana. The two agricultural districts considered in this case study located in the upland catchment within the Limpopo drainage basin, that is located between longitude 25030'-29030'E and latitude range of 20030' to 21030'S. The 1961-2000 annual average rainfall over these districts (Palapye and Bobonong), calculated from Serowe and Bobonong rainfall records is 428 mm and 351 mm. with standard deviation of about 171 mm and 153 mm, respectively. The soil texture ranges from fine to course material and a predominately sandy loam soil type was considered for the two districts. There is lower to moderately medium drainage sloping generally to the Limpopo river drainage system that averages 0.5%. The predominant land use in the watershed is Shrub Savannah mixed with cultivation and plantation.
Historical precipitation of 40 years (1961-2000) daily record, and daily/monthly climatic data at stations found in close-by stations at Serowe and Bobonong were used. Length of cropping period and crop coefficients used in the SMACS model is adopted from [14] . Soil water retention properties of the clay loam soil within the active root zone of the crops is used based on unit water retentions for given soil texture according to [29] .
The main reason for considering the two districts was to develop a conceptual framework for agricultural dis-In this section, first the daily moisture accounting crop-specific (SMACS) model was applied in the study area. The model needs an initial soil moisture condition which was first assumed equal to S FC by starting the simulation with a wetter date/month, and it was optimized with a fractional value of the above soil moisture limit, until a minimum error was found in the simulated soil moisture between the beginning and end of the simulated hydrological year. Initial soil moisture and average annual soil moisture change between the beginning and end of the simulation years obtained for the three crop types is summarized in Table 2 . The optimization covered all the first 10 years (1961-1990) record for the calibration of the model and the remaining 10 years (1991-2000) was used for model validation.
Simulated Soil Moisture and Resilience, Reliability and Risk Analysis
A number of factors affect proper crop growth and its yield apart from soil water. Among others are nutrient availability, seed variety and agricultural practice. However, the most important decision criteria adopted in this study is to determine the level of soil moisture and its reliability to sustain crop growth without excessively depleting the available soil moisture storage. Based on Eq.4, considering a water application efficiency of one hundred percent with the assumption that the rainwater is uniformly and well applied to the gentle slope and clays dominated plains of the Palapye and Bobonong agricultural districts area, one can determine the extent of fail ure of soil moisture to sustain crop growth and yield in this catchment. The simulated daily soil moisture distribution (exceedence probabilities) throughout the growing season of maize, sorghum and sunflower with respect to the 20% of readily available soil moisture regime (p = 20%) is shown in Figure 1 . Simulation cases for the sustainability analysis of rain-fed systems in terms of the three indices that attribute to probability of failure of the actual daily moisture, in proportion p to the readily available soil moisture content during the cropping period of each crop that is used as a criterion is summarized in Tables  3-4. Table 3 is the ideal condition where the plants are at critical stress limit where p is zero. In this case, the probability of failure is very low for both maize and sorghum.
The risk factor basically represents the proportion of days to the total number of days or the length of the growing period (LGP), within which the simulated soil moisture drops below the amount which is set at p times the readily available soil moisture content (S FC − S WP ) as stated in Eq.4. In other words p is to set a soil moisture threshold. We evaluated the moisture stress limits against the simulated soil moisture values through counting of number of days whose soil moisture values drop below the soil moisture amount whose threshold value is set at p times the readily available soil moisture content as stated in Eq.4, also shown in Figure 2 . Counted number of days whose soil moisture drop below the threshold soil moisture through out the period of analysis during the cropping cycle of each crop or days of LGP was used to calculate the number failure days and the various indices are summarized in Table 4 .
From Table 4 , it can be noted that without prejudice to the critical stress limit required for each crop, which depends also on nutrient and farming practice, it can be said that at modest moisture level say at 10%, the probability of failure of maize is higher than that of sorghum. The risk factor or the probability of failure on the average for maize, sorghum and sunflower in Palapye is respectively, 7.8%, 5.2% and 7.2% during the period 1961-1970, and 5.8%, 2.7% and 8.3% during the period 1971-2000. These relative soil moisture levels indicate a relative sensitivity to drought of maize than sorghum, which is in conformity with the Agromisa recommendations in which sorghum is having very high level of drought tolerance compared to maize and next to sunflower. For Bobonong district these figures are relatively lower than those of Palapye owing to the different agronomic and prevailing climatic variations. For the same crop generally Bobonong displayed higher risk, lower reliability and resilience compared to Palapye. Risk, reliability and resilience of maize simu- Table 3 . Simulated risk, reliability and resilience levels (%) for maize, sorghum and Sunflower at soil moisture level, p = 0% in proportion to the readily available soil moisture. lated from the entire 1961-2000 daily record and taking the actual cropping length, at available soil moisture factor, p = 20% for Palapye District and BoBonong Districts is shown in Figure 2 .Similarly, Figure 3 shows the same for soil moisture factor, p = 30%. On the other hand, risk, reliability and resilience of maize, sorghum and sunflower cropping under rain-fed conditions with available soil moisture factor, p = 10% in Palapye District is presented in Figure 4 . It can be noted from these figures that the reliability and risk of failure of these crops in the study area portray a relative sensitivity to drought (their drought tolerance limit). Generally the risk of failure or probability of failure is low for sorghum and higher for maize and sunflower. The higher the reliability is for a crop, the lesser its resilience, and vice versa.
CONCLUSIONS
The application of the soil moisture accounting cropspecific (SMACS) model for simulation of daily soil moisture of agricultural areas proved appropriate in terms of closing of soil moisture from beginning to end of complete water cycle years of simulation that covered 1961-2000. Both the calibration and verification results in terms of the yearly average difference of the soil moisture at the beginning and end of each year for the calibration period (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) and verification period which were reasonably closer to each other for the various crops in the study area. Two agricultural districts in SE Botswana located in watersheds of the Limpopo River Basin were considered as study sites.
By using a sustainability criterion of rain-fed agriculture based on availability of soil moisture adequate to sustain crop growth, SMACS was employed to explore the various degrees of soil moisture availability and reliability of growing of maize, sorghum and sunflower under rain-fed conditions as sole supply of water for agriculture. The SMACS model was applied with reasonable degree of success in the Palapye and Bobonong agricultural districts farming plains of Botswana. The relative reliability and risk of failure of these crops in the study area portray the general relative sensitivity to drought (the drought tolerance limit) of these crops. The risk of failure is low for sorghum and higher for maize and sunflower. The higher the reliability is for a crop, the lesser its resilience, and vice versa. An added advantage of SMACS model, though not reported here at a district level is its ability determine excess rainfall and to explore rainfall harvesting opportunities at plot levels for improving improved rainwater management [20, 31] . Local or scientific technologies depending on physical and technical conditions at the site can be explored to maximize in-situ excess water harvesting or soil moisture enhancement to improve rainwater productivity.
